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Activation of the NF-kB pathway requires the formation of 
Metl-linked *hnear' ubiquitin chains on NEMO, which 
is catalysed by the Linear Ubiquitin Chain Assembly 
Complex (LUBAC) E3 consisting of HOIP, HOIL-IL and 
Sharpin. Here, we show that both LUBAC catalytic activity 
and LUBAC specificity for linear ubiquitin chain formation 
are embedded within the RING-IBR-RING (RBR) ubiquitin 
ligase subunit HOIP. Linear ubiquitin chain formation by 
HOIP proceeds via a two-step mechanism involving both 
RING and HECT E3-type activities. RINGl-IBR catalyses 
the transfer of ubiquitin from the E2 onto RING2, to 
transiently form a HECT-like covalent thioester intermedi- 
ate. Next, the ubiquitin is transferred from HOIP onto the 
N-ter minus of a target ubiquitin. This transfer is facilitated 
by a unique region in the C-terminus of HOIP that we 
termed ^Linear ubiquitin chain Determining Domain' 
(LDD), which may coordinate the acceptor ubiquitin. 
Consistent with this mechanism, the RING2-LDD region 
was found to be important for NF-kB activation in cellular 
assays. These data show how HOIP combines a general 
RBR ubiquitin ligase mechanism with unique, LDD-depen- 
dent specificity for producing linear ubiquitin chains. 
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Introduction 

Ubiquitin conjugation is a highly versatile system for confer- 
ring post-translational modifications, since this 76-amino 
acid protein can make a variety of chains that signal to 
different downstream effectors. The ubiquitins in these 
chains are usually linked between the ubiquitin C-terminus 
of the donor ubiquitin and any of the seven lysines in the 
acceptor ubiquitin, but the donor ubiquitin can also link to 
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the amino group in the N-terminal methionine of the acceptor 
ubiquitin, leading to the formation of linear ubiquitin chains. 

Linear ubiquitin chains are assembled by the Linear 
Ubiquitin Chain Assembly Complex (LUBAC), which plays 
a critical role in the activation of the NF-kB pathway that is 
involved in various functions, including cell survival and 
inflammation. NF-kB activation can be induced by, for ex- 
ample, cytokines or DNA damage, which lead to LUBAC- 
mediated ubiquitination of NEMO with linear ubiquitin 
chains (Tokunaga et aU 2009; Niu et aU 2011). This linear 
ubiquitination of NEMO causes IKKP phosphorylation and 
activation. Subsequently, iKBa is degraded and free NF-kB 
translocates to the nucleus to activate the transcription of 
target genes (Kirisako et aU 2006; Haas et al, 2009; Iwai and 
Tokunaga, 2009; Tokunaga et at, 2009). 

LUBAC consists of at least three different proteins, HOIP 
(RNF31), HOIL-IL (RBCKl) and Sharpin (Kirisako etal, 2006; 
Gerlach et at, 2011; Ikeda et al, 2011; Tokunaga et at, 2011). 
HOIP and HOIL-IL belong to the RING-in-between-RING 
(RBR) class of E3 ligases. However, only the RBR domain of 
HOIP and not HOIL-IL is required for linear ubiquitin chain 
formation by LUBAC and subsequent IKKP phosphorylation 
(Kirisako et aU 2006; Hostager et aU 2010). Nevertheless, a 
combination of HOIP with either HOIL-IL or Sharpin is the 
minimal requirement for linear ubiquitin chain catalysis 
(Kirisako et al 2006; Gerlach et al, 2011). 

The RBR class of E3 ligases, also known as the TRIAD class 
(two RING fingers and DRIL (double RING linked)), was first 
described in 1999 (Morett and Bork, 1999; van der Reijden 
et aly 1999). The structures of the separate RING domains and 
the in-between RING (IBR) have been solved (PDB entry 
1 WIM, report to be published; CapiU et al, 2004; Beasley et aU 
2007); however, it remains unclear how the RBR forms a 
functional unit. RINGl has a classical RING fold, which is 
typically used for E2-E3 interactions (Zheng et aU 2000; 
Deshaies and Joazeiro, 2009). Also, RING2 interacts with 
different E2s in yeast-two-hybrid studies and the cysteine and 
histidine distribution of RING2 suggests that it forms a RING 
domain (Hristova et aU 2009; Markson et aU 2009; Marteijn 
et al, 2009; van Wijk et al, 2009). However, even though 
Zn^ + stoichiometry analysis indicates that all RING domains 
in Parkin coordinate two zinc ions (Hristova et al, 2009), the 
solution structure of HHARI RING2 does not have a classical 
RING-fold and coordinates only one zinc ion per monomer. 
Furthermore, the HHARI RING2 domain was recently shown 
to form a thioester adduct with ubiquitin (HHARI ~ ubiquitin) 
on a free cysteine as an intermediate step in the ubiquitin 
transfer (Wenzel et al, 2011), similar to that found in HECT 
domains. Although the thioester adduct could not be 
visualized on the RBR-protein Parkin in the same study, 
mechanistic analysis indicated that both RBR proteins 
include a HECT-like step in the ubiquitin transfer. 

An intact RBR domain is necessary for efficient E3-ligase 
functioning, however Parkin IBR-RING2 can mediate the 



©2012 European Molecular Biology Organization 



The EMBO Journal VOL 31 j NO 19 j 2012 3833 



HOIP RBR-LDD module specifies linear ubiquitin chains 

JJ Smit et al 



formation of ubiquitin linkages in the absence of RINGl 
(Matsuda et al, 2006; Chew et al, 2011). In addition to the 
interaction of both RING domains with E2 enzymes, the RBR 
of Parkin also interacts non-covalently with ubiquitin during 
chain formation (Chaugule et al, 2011). 

The specificity for ubiquitin chain types is regulated com- 
pletely at the level of the E3 ligase in HECT domains (Wang 
and Pickart, 2005; Kim and Huibregtse, 2009]. In contrast, with 
RING domain E3 ligases the E2 enzymes contribute to the 
chain types that are formed. Some E2s directly mediate the 
formation of specific ubiquitin chains via the non-covalent 
binding of an acceptor ubiquitin, positioning a particular 
lysine residue to attack the thioester bond between the E2 
and the donor ubiquitin (Petroski and Deshaies, 2005; Eddins 
et al, 2006; Wickliffe et al, 2011]. A single RING E3 can recruit 
several of these E2s and makes different chains dependent on 
the E2 specificity (Christensen et al, 2007; Kim et al, 2007]. 
Occasionally, the chain type that is being formed by a 
combination of a RING E3 and a less specific E2, such as 
Ube2D3, is determined by the specific E2-E3 combination 
(Wu-Baer et al, 2003; Nishikawa et al, 2004]. 

So far, LUBAC is the only E3 ligase complex that is known 
to promote linear ubiquitin chain formation. Although it 
contains RING domains, its ubiquitin chain forming specifi- 
city overrides that of the collaborating E2 enzymes. Thus 
even highly specific E2s that are known to catalyse the 
formation of very specific chain types, such as Ube2K that 
forms K48 linked chains (Chen et al, 1991], will form linear 
ubiquitin chains in the presence of LUBAC (Kirisako et al, 
2006]. Therefore, chain type specificity is thought to be 
embedded within the LUBAC E3, but it is unclear how this 
specificity is organized. 

We performed an in-vitro analysis of HOIP ubiquitin chain 
assembly activity to investigate the mechanism underlying 
linear ubiquitin chain formation by LUBAC. We show that a 
truncated form of HOIP is active in in-vitro linear chain 
formation in the absence of HOIL-IL and Sharpin. The cataly- 
tic activity and specificity for linear ubiquitin chain assembly 
of LUBAC is completely embedded within HOIP RING2 and a 
newly identified Linear ubiquitin chain Determining Domain 
(LDD] in the C-terminus of HOIP. Furthermore, we show that 
the ubiquitin thioester is first transferred from the E2 onto 
HOIP and is subsequently linked to a target ubiquitin that is 
docked on the LDD. This study strengthens the knowledge on 
the general mechanism for RBR-mediated ubiquitin chain 
formation and provides novel mechanistic insights in linear 
ubiquitin chain assembly by HOIP. 

Results 

Linear ubiquitin ctiain formation specificity is embedded 
wittiin HOIP 

To study linear chain formation, we expressed full-length 
human HOIL-IL, full-length HOIP and a series of HOIP deletion 
constructs in E. coll We used synthetic genes that are opti- 
mized for bacterial expression (Figure lA] and used the 
purified proteins for in-vitro reactions, analysing free ubiquitin 
chain formation. As expected, full-length HOIP alone was not 
active in forming ubiquitin chains, but in the presence of HOIL- 
IL robust chain formation was observed (Figure IB]. 

Since previous published data were derived from assays 
performed in the absence of sodium chloride (Kirisako et al, 
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2006; Gerlach et al, 2011] under conditions that are far from 
physiological (~150mM NaCl], we tested the influence of 
NaCl and pH on the in-vitro reactions. In the absence of salt, 
the reactions were more active and it was easier to visualize 
detailed chains (Supplementary Figure SI A and B], but the 
overall pattern of the bands on gel remained the same. 
Furthermore, the proteins were only active in conditions 
above pH 7 and raising the pH up to 9.5 caused a minor 
extra activation of the reactions (Supplementary Figure SIC]. 
We mainly used reaction conditions with 150 mM NaCl at pH 
8; however, conditions without NaCl are used in some of our 
experiments as a tool to improve visualization of the activity 
of the LUBAC proteins. 

Next, we used an N-terminally truncated form of HOIP, 
which includes only the RBR domain and the C-terminal 
region that we have named Linear ubiquitin chain 
Determining Domain (HOIP^^^'^°°, Figure lA]. The se- 
quence of the LDD is not conserved between RBR proteins, 
and Psi-BLAST searches and a Phyre threading analysis on 
this region reveal that it is exclusive to HOIP. Nevertheless, 
between HOIP orthologues the LDD is highly conserved 
(Supplementary Figure SID], which suggests that the LDD 
functions specifically in the context of the upstream RBR 
domain in HOIP. When we tested hOIP^^^"^°° for in-vitro 
activity we found, surprisingly, that this construct does not 
require HOIL-IL and Sharpin for in-vitro activity (Figure IB 
and C]. HOIP^^^'^°° does not contain the UBA domain 
that is needed for the interaction with HOIL-IL and 
Sharpin (Kirisako et al, 2006; Tokunaga et al, 2009, 2011], 
explaining why the activity of HOIP^^^'^°° is hardly 
increased by the addition of HOIL-IL in the reactions 
(Figure ID]. 

As HOIL-IL and Sharpin have been shown to be important 
for HOIP activity, we wondered whether the short RBR-LDD 
construct of HOIP retained the specificity for making 
N-terminally linked ubiquitin chains. We tested chain forma- 
tion, using either Ube2D3 (UbcH5c] or Ube2L3 (UbcH7] as E2 
enzymes. In both cases, hOIP^^^"^°° forms ubiquitin chains 
with lysine-less ubiquitin (KO] and mutated ubiquitins that 
contain either a single lysine or a lysine point mutation 
(Supplementary Figure SIE]. In addition, when the ubiquitin 
N-terminus is blocked with a His tag, a biotin or a TAMRA- 
label, the ubiquitin chain formation is eliminated (Figure IE; 
Supplementary Figure SIF and G], indicating that the acces- 
sibility of the N-terminus is critical for this reaction. 
Combinations of any of the N-terminally blocked ubiquitins 
with ubiquitinAGly76, which can only function as an accep- 
tor ubiquitin, produces solely di-ubiquitins (Figure IE; 
Supplementary Figure SIF and G], confirming that a free 
ubiquitin N-terminus is essential for ubiquitin chain forma- 
tion by HOIP. Consequently, the RBR-LDD in the C-terminus 
of HOIP is sufficient for the linear ubiquitin chain formation 
specificity of the LUBAC E3 and does not require the presence 
of other LUBAC subunits. 

Since HOIL-IL and Sharpin are essential for full-length 
HOIP activity, but not for the HOIP^^^'^°°, it seems that the 
catalytic centre is not available for catalysis in the full-length 
protein. The UBL domains of either HOIL-IL or Sharpin have 
to bind to the UBA domain of HOIP, which lies N-terminally 
of the catalytic RBR-LDD, to activate the proteins in the NF- 
kB pathway (Sieber et al, 2012; Yagi et al, 2012]. This could 
suggest some level of auto-inhibition within HOIP, similar to 
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Figure 1 HOIP mediates linear ubiquitin chain formation. (A) HOIP and HOIL-IL constructs used in this study. Ubiquitin-Like domain (UBL), 
Npl4 Zinc Finger (ZF), Ubiquitin-Associated domain (UBA), Linear chain Determining Domain (LDD) and a RING-in-Between-RING domain 
(RBR) consisting of two RING domains (Rl and R2) and an in-between RING domain (IBR). The domain borders of the UBL, ZF, UBA and RBR 
domains are drawn to scale according to Uniprot definitions (www.uniprot.org). (B) Ubiquitin chain formation with Ube2L3 in combination 
with 2 |iM of the different E3s after 0, 10, 20 and 40 min. Standard reaction conditions are described in Materials and methods. Reactions were 
performed without NaCI. (C) Increasing amounts of ubiquitin chain formation with increasing concentrations of HOIP^^^"^°°. Reactions were 
performed in the presence of Ube2D3 and were stopped after 1 h. (D) hOIP^^^"^°° cannot be further activated by HOIL-IL in a 1-h reaction with 
Ube2L3. Reactions were performed without NaCI. (E) Ubiquitin chain formation by hOIP^^^"^°° with N-terminally blocked ubiquitin 
(^'"^'""ubiquitin) and C-terminally truncated ubiquitin (UbiquitinAGIy76) . Reactions were stopped after 90 min at 32°C. (F) hOIP^^^"^°° 
activity with and without Ube2D3 and the Ube2D3 active site mutant (Ube2D3^^^^). Reactions were stopped after 15, 30, 60 and 120 min. 
(G) Di-ubiquitin linkage formation with ^^^^\ibiquitin in the presence and absence of ubiquitinAGIy76 and Ube2D3 after 2 h. 



that seen in the RBR-protein Parkin, where the N-terminal 
UBL is binding to the C-terminal ubiquitin binding domain to 
block the catalytic centre (Chaugule et al, 2011). Therefore, 
we tested if the N-terminus of HOIP can inhibit hOIP^^^"^°° 
in trans. Full-length HOIP, HOIP^"^™ or HOIP"^^ was added 
to the reaction with HOIP^^^'^°°, but the constructs did 
not inhibit the HOIP^^^"^°°-mediated chain formation 
(Supplementary Figure SIH). Apparently, the covalent link- 
age of the N-terminal domains to the RBR is required for the 
inhibition, either by increasing the local concentration or by 
arranging some position-specific conformational change that 
can be released by the Sharpin or HOIL-IL interaction. 
Consequently, the exact mechanism by which the catalytic 
domain is kept in an inactive state in full-length HOIP 
remains to be resolved. 

The active LUBAC E3 mediates the specific formation of 
linear ubiquitin chains in cooperation with many different E2 
enzymes that are normally highly specific in the formation of 
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different types of ubiquitin chains (Kirisako et al, 2006). 
This abihty to override the E2 specificity is retained in 
p^QjpRBR-LDD specifically catalyses the formation of Hnear 
ubiquitin chains in the presence of the E2s Ube2D3, which 
can mediate the formation of many different types of lysine- 
linked ubiquitin chains (Kim et al, 2007), and Ube2L3, which 
targets to cysteines (Wenzel et al, 2011), indicating that the 
E2s are important to deliver the activated ubiquitin to the 
complex, but do not contribute to the chain type specificity. 

HOIP has E2-independent linear chain forming activity 

Interestingly, we observed very weak chain formation activity 
with HOIP^^^'^°° even with an inactive Ube2D3 mutant 
(C85A) (Figure IF). Therefore, we analysed the hOIP^^^"^°° 
activity in the absence of E2 enzymes and still observed 
HOIP-dependent activity (Figure IF), confirming that the E3 
does not require an E2 for activity. However, in the absence of 
the El no activity is observed (Figure IF). The chains formed 
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in the E2 -independent reaction are exclusively linear ubiqui- 
tin chains (Figure IG). A similar E2 -independent activity was 
recently described for the RBR-protein Parkin (Chew et al, 
2011), indicating that this may be a general feature of RBR 
proteins. Nevertheless, E2-independent activity is unlikely to 
reflect a physiological activity, since the reaction is much 
more efficient in the presence of an E2~Ub thioester. 
However, these data emphasize that linear chain specificity 
does not rely on E2s, but is completely embedded within 
HOIP. 

HOIP RING1 and I BR are involved in E2- mediated 
activity 

We next examined how HOIP promotes linear ubiquitin 
chain formation. To address this point, we made a series 
of point mutations and deletion constructs to unravel the 
contributions of the various domains within hOIP^^^"^°° 
(Supplementary Figure S2] . The activities of all point mutants 
that are used in this study are shown in Figure 2 and are 
summarized in Supplementary Figure S2. The effect of the 
mutations in the different domains of HOIP will be discussed 
throughout this article. 

First, the importance of RINGl and the IBR were analysed. 
RING and IBR domains coordinate two zinc ions via eight 
Cys/His residues, whereby each zinc ion is coordinated by 
four Cys/His residues. Cysteine mutations in RINGl that 



disrupt the coordination of the zinc ions caused reduced 
E2-dependent activity with both Ube2D3 and Ube2L3 
(Figure 2]. Also hOIP^^^"^°° V701A, which was designed to 
interfere directly with the E2-E3 interaction but not to disrupt 
the RING-fold (Brzovic et al, 2003}, inhibited the ubiquitin 
chain formation. Interestingly, the C717, 71 9 A mutant solely 
disrupted Ube2L3-dependent activity and not Ube2D3- 
mediated chain formation, revealing a difference in the 
binding interface between HOIP and different E2s. 
Nevertheless, the complete set of mutants reveals that 
RINGl is essential for the activity with both E2s. The E2- 
independent activity of HOIP^^^'^°° was not affected by the 
RINGl mutations, indicating a classical RING-type role for 
RINGl where the RING domain catalyses the transfer from 
the E2 onto a target site. The IBR cysteine mutants also 
influenced the E2-dependent ubiquitin chain assembly, but 
not E2-independent activity (Figure 2). Therefore, both 
RINGl and the IBR are important for E2-mediated ubiquitin 
chain formation by HOIP. 

HOIP^^'^'^^ forms the minimal domain for linear 
ubiquitin chain formation 

The linear ubiquitin chain assembly specificity of HOIP is 
preserved in HOIP RINGl mutants (Figure 3A] and RINGl/ 
IBR mutations do not affect the E2-independent activity 
(Figure 2], indicating that these domains are not used in 
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Figure 2 All domains in hOIP^^^"^°° are involved in ubiquitin chain formation. Ubiquitin chain formation with hOIP^^^'^°° mutants in the 
presence and absence of the E2 Ube2L3 or Ube2D3. Reactions were stopped after 6 h. The molecular weight marker is indicated by the asterisk 
(*). The solid bars indicate the location (RINGl (Rl), IBR, RING2 (R2), LDD) of the mutations within HOIP^^^"^°°. 
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Figure 3 HOIP^^"^°° is the catalytic centre for in cis linear ubiquitin chain assembly. (A) Di-ubiquitin formation with HOIP^^^"^°° RINGl 
mutants with "^^^^^ibiquitin in the presence and absence of ubiquitinAGly76 and Ube2D3. Reactions were stopped after 60min (B) HOIP^^"^°°- 
mediated ubiquitin chain assembly after 2 h cannot be activated by Ube2D3. (C) Activity of different HOIP constructs after 1 h in the presence of 
Ube2D3 reveals that HOIP^°^ is not active. (D) S200 10/300 gel filtration elution profile of hOIP^^^"^°° (black line) and HOIP^^"^°° (dotted 
line). Maximum absorbance has been set at 100 mAU. The according calculated molar mass from the MALLS for hOIP^^^"^°° (grey dots) is 
plotted against the elution volume. Three peaks are identified, correlating to hOIP^^^"^°° monomers (42.9 kDa), dimers (85.8 kDa) and 
multimers (> 85.8 kDa). (E) Ubiquitin chain formation by hOIP^^^"^°° monomers and multimers. Monomers and multimers were taken from 
corresponding single fractions from the middle of the different peaks of the gel filtration profile and used immediately (without concentrating 
the samples) in ubiquitin chain formation reactions. h01P^^^"^°° was assayed at 0.5 \iM in the presence of Ube2D3. Time points were taken 
after 0, 10, 20, 40 and 60min. (F) Combinations of HOIP mutants do not rescue ubiquitin chain formation activity with Ube2D3 (assay 
performed in absence of NaCl) . 



the actual linkage formation betw^een tw^o ubiquitins. 
Accordingly, when the RINGl and IBR domains are deleted 
(HOIP^^'^°°, Figure lA), the ability to form ubiquitin Hn- 
kages in an E2-independent manner is retained (Figure 3B). 
p^QjpR2-LDD cannot be further activated by Ube2D3 
(Figure 3B; Supplementary Figure S3), showing the impor- 
tance for RINGl -IBR in E2-dependent activity. Thus, a com- 
pletely intact HOIP^^^'^°° is needed for efficient ubiquitin 
chain formation that is facilitated by the E2, but the intrinsic 
ubiquitin chain assembly activity is located more 
C- terminally in the RING2 and the LDD. 

We aimed at mapping the regions in HOIP^^'^°° that are 
essential for ubiquitin chain catalysis. The importance 
of RING2 was explored by comparing the activity of 
p^QjpR2-LDD ^ construct that lacks all of the RBR domain 
(HOIP^°°) (Figure lA). Although HOIP^^"^°° can still form 
E2-independent di-ubiquitin linkages, HOIP^°° is catalyti- 
cally inactive even at high concentrations (Figure 3C). In 
addition, single cysteine-to-alanine mutants of hOIP^^^'^°° 
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RING2 are catalytically inactive (Figure 2) . Therefore, RING2 
is essential for ubiquitin chain assembly. Next, the relevance 
of the LDD in ubiquitin chain formation was investigated. We 
were unable to express constructs of HOIP that lack the LDD 
and all LDD mutants are catalytically inactive (Figure 2). 
Nevertheless, the LDD alone is not sufficient for catalysis. 
Consequently, the integrity of both RING2 and the LDD is 
needed for linear ubiquitin chain assembly by HOIP. 

HOIP mediates ubiquitin ctiain formation in cis 

The presence of multiple copies of HOIP within LUBAC 
(Kirisako et aU 2006) suggests that HOIP might assemble 
ubiquitin chains in trans. Therefore, we next examined if the 
ubiquitin chain formation reaction is catalysed by single 
HOIP molecules {in cis) or by the cooperation of multiple 
copies of HOIP (in trans) . The gel filtration profile and multi- 
angle laser hght scattering (MALLS) of hOIP^^^"^°° show 
that the protein is purified as a mixture of monomers, dimers 
and multimers (Figure 3D). Nevertheless, the different frac- 
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tions of the gel filtration profile show equal activity in free 
ubiquitin chain formation assays (Figure 3E], implying that 
the multimerization of hOIP^^^'^°° is not a requirement for 
activity. 

To confirm these data, we combined inactive hOIP^^^"^°° 
mutants in chain formation assays to test whether they would 
collaborate to rescue the abihty to form ubiquitin hnkages. 
RINGl mutants are affected in E2-dependent chain formation 
and LDD mutants cannot support the formation of the 
isopeptide bond between two ubiquitins. Consequently, a 
combination of a RINGl mutant and an LDD mutant is 
expected to be effective in chain formation if the reaction 
occurs in trans. The combination of a RINGl and an LDD 
mutant did not lead to effective ubiquitin chain assembly, 
showing that the mutants do not complement each other 
(Figure 3F]. Furthermore, a combination of a RINGl mutant 
and a RING2 mutant, or a RING2 mutant and an LDD mutant 
did not result in chain formation (Figure 3F), suggesting 
again that hOIP^^^'^°° proteins act individually and do not 
collaborate in ubiquitin chain formation. Finally, HOIP^^"^°° 
is purified mainly as a monomer (Figure 3D} and is still active 
in E2-independent chain formation. Therefore, we conclude 
that multimerization of HOIP is not a requirement for activity 
and linear ubiquitin chain formation is catalysed within 
single HOIP molecules. 

HOIP forms a reversible covalent intermediate with 
ubiquitin 

In Hght of the HECT-like character of RING2 in other RBR 
proteins (Wenzel et al, 2011], we tested whether HOIP could 
make a covalent thioester intermediate. We used single-cycle 
turnover assays, with pre-charged E2 ~ ^^^^\ibiquitin 
thioester and were able to trap an E3 -ubiquitin intermediate 
with HOIP^^^"^°°. A covalent E3 - '^'^^^'Hibiquitin complex 
could be visualized on non-reducing gels using anti-HOIP 
western blotting or, more clearly, by the TAMRA signal of 
ubiquitin (Figure 4A and B; Supplementary Figure S4A, 
Ube2D3; Supplementary Figure S4B, Ube2L3]. The 
HOIP^^^'^°°- ubiquitin intermediate could be disrupted by 
the addition of reducing loading buffer, which illustrates that 
HOIP^^^"^°° forms a reversible covalent bond with ubiquitin 
in cooperation with both Ube2D3 and Ube2L3. 

Here, we show for a second RBR protein the presence of an 
E3~ ubiquitin thioester bond. The covalent HOIP ~ ubiquitin 
is transient, as indicated by the low signals, however the 
bond could be detected in the RINGl mutants as well as in 
the C916A LDD mutant (Figure 4A; Supplementary Figure 
S4B]. The RING2 mutants were completely impaired in 
forming this intermediate (Figure 4A; Supplementary Figure 
S4B) . RING2 has been suggested in the literature as the actual 
site for the E3 ~ ubiquitin thioester in RBR proteins, although 
visualization of the E3~ thioester has only been successful 
for HHARI (Wenzel et al 2011). We could not assign the 
thioester forming cysteine, since several cysteines in RING2 
are impaired in thioester formation. The HOIP Cys885 that 
aligns with the thioester-forming Cys357 in HHARI, could not 
form an oxyester HOIP ~ ubiquitin intermediate, when 
mutated to serine (Supplementary Figure S4C). However, 
this could be due to detection limits of the assay, since 
the reaction is less favourable. Unlike the LDD, RING2 is 
conserved between RBR proteins (Supplementary Figure 
S4D] and it is essential for E2~ ubiquitin discharge and 
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E3~ ubiquitin formation. Therefore, it seems likely that 
RING2 provides the actual site on which the E3 ~ ubiquitin 
is formed. 

HOIP-mediated ubiquitin transfer from the E2 onto a 
target is a two-step mechanism 

To understand how the different domains within hOIP^^^"^°° 
contribute to the assembly of ubiquitin chains, we monitored 
the in vitro E2 ~ ubiquitin discharge and di-ubiquitin forma- 
tion in single-cycle turnover assays with ^^^^\ibiquitin and 
the selected purified hOIP^^^'^°° mutants. The amino-termi- 
nus of ^^^^^biquitin is not available for linear ubiquitin 
chain formation and can only be linked to a ubiquitin with a 
free N-terminus by HOIP^^^'^°°. This feature allowed us to 
uncouple the discharge of ubiquitin from the E2 active site 
cysteine (in the absence of ubiquitinAGly76] and the forma- 
tion of the isopeptide bond between the N- and C-terminus of 
two ubiquitins (in the presence of ubiquitinAGly76) . 

p^QjpRBR-LDD completely discharged '^^^^^ibiquitin from 
the E2 over time in the single-cycle turnover assays and 
formed di-ubiquitins when ubiquitinAGly76 was added to 
the reaction (Figure 40; Supplementary Figure S4E]. The 
E2 ~ ubiquitin discharge is less efficient when RINGl mutants 
are used in the reaction and also the amount of di-ubiquitin 
that is formed declines (Figure 40; Supplementary Figure 
S4E]. This confirms the role of RINGl in E2-mediated activity. 
Nevertheless, the E2-independent activity of the RINGl mu- 
tants is hardly affected (Figure 2], showing that RINGl is less 
important for the E2-independent driven activity and the 
ubiquitin linkage formation. 

The discharge of the ubiquitin from the E2 on HOIP and the 
linkage of the ubiquitin to a target ubiquitin by RING2-LDD 
were uncoupled in the single-cycle turnover assays. Although 
LDD mutants do not have any ubiquitin linkage formation 
activity in ubiquitin chain formation reactions, they are 
capable of efficiently discharging ubiquitin from the E2 
(Figure 40; Supplementary Figure S4E). This indicates that 
the LDD is not involved in the destabilization of the 
E2~ ubiquitin thioester, but is critical for ubiquitin chain 
assembly. Apparently, the trans-thiolation of the ubiquitin 
from the E2 onto HOIP is independent of ubiquitin chain 
assembly. Accordingly, the E2 ~ ubiquitin discharge efficiency 
is not dependent on the presence of an acceptor ubiquitin to 
which the donor ubiquitin can be transferred (Figure 4D]. 
Interestingly, RING2 mutants are impaired in both the 
E2 ~ ubiquitin discharge and the ubiquitin linkage formation 
(Figure 40; Supplementary Figure S4E], suggesting that 
RING2 is required for both steps of the ubiquitin transfer. 
This central role for RING2 in the transfer of the ubiquitin 
further supports its role as acceptor site for the E3 ~ ubiquitin 
intermediate. Oonsequently, efficient ubiquitin chain forma- 
tion is initiated by the E2-dependent delivery of ubiquitin to 
HOIP RING2 and is completed by subsequent LDD-mediated 
ubiquitin chain assembly. 

HOIP LDD catalyses the final step of the ubiquitin 
transfer 

The binding of ubiquitin to ubiquitin docking sites in E3 
ligases is suggested to play a role in ubiquitin chain formation 
specificity by bringing a specific ubiquitin lysine residue in 
close proximity of the ubiquitin thioester bond (Deshaies 
and Joazeiro, 2009). HOIP has several known ubiquitin 
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Figure 4 E2~ ubiquitin discharge and chain formation are two separate events. (A) Formation of a reversible covalent intermediate between 
HOIP and '^^^^\ibiquitin with different HOIP^^^"^°° mutants. Ube2D3 was used as the E2 enzyme. The TAMRA simal is visualized on a 
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interaction motifs (UBA and the NFZs), but since these are 
not present in hOIP^^^'^°° they cannot explain the linear 
ubiquitin chain formation. We found that the LDD is 
important for linking ubiquitins together, but not for 
E2~ ubiquitin discharge and HOIP ~ ubiquitin intermediate 
formation. Therefore, we wondered whether the LDD could 
function as a ubiquitin docking site. 

We measured the affinity of ubiquitin for hOIP^^^"^°° and 
j^QjpLDD fluorescent polarization (FP] with TAMRA-la- 
belled ubiquitin ('^^^^^lbiquitin and ubiquitin'^^^^^] . Both 
p^QjpRBR-LDD HOIP^°° interacted with ubiquitin'^^^^ 
with an affinity of ~ 100 |iM, and do not bind to the free 
TAMRA dye, showing that the LDD does interact with ubi- 
quitin (Figure 5A; Supplementary Figure S5A and B]. Then, 
we analysed the effect of the C930A mutant of the LDD, 
which is impaired in ubiquitin chain formation, on the 
affinity for ubiquitin in the FP assays. Unexpectedly, in the 
context of the full HOIP^^^"^°°, the C930A mutation did not 
affect affinity for ubiquitin'^'^^^'^. In contrast, in the LDD 
alone, the HOIP^°° C930A has a greatly reduced affinity for 
ubiquitin'^'^^^^ (Figure 5 A; Supplementary Figure S5A]. The 
loss of activity of the hOIP^^^"^°° C930A was not caused by 
unfolding of the protein as was shown by the gel filtration 
profile (Supplementary Figure S2D]. Therefore, the loss of 
binding of the LDD C930A mutant indicates interference with 
ubiquitin binding. In the longer construct, the mutation is 
possibly not strong enough to disrupt the complete interac- 
tion and just interferes with the proper ubiquitin orientation 



for chain formation or a second ubiquitin interaction site may 
be present elsewhere outside the LDD. 

The interaction between the LDD and ubiquitin was 
verified in in-vitro ubiquitin chain formation assays. First, 
HOIP^°° was titrated into the ubiquitin chain reaction with 
p^QjpRBR-LDD increasing amounts of HOIP^°° inhibited 
HOIP^^^"^°°-mediated ubiquitin chain formation, presum- 
ably by competing away the freely available ubiquitin 
(Figure 5B]. Importantly, addition of the HOIP^°° C930A 
to linear ubiquitin chain formation assays did not 
inhibit HOIP^^^"^°°-mediated ubiquitin chain formation 
(Figure 5B). The loss of inhibition by the LDD C930A mutant 
indicates that this site is indeed important for ubiquitin 
interaction. 

We then tested if the interaction between the acceptor 
ubiquitin and HOIP is needed for di-ubiquitin formation in 
a single-cycle turnover assay. Ube2D3 was loaded with 
'^^^^^ubiquitin, after which the HOIP^^^-^°°-dependent dis- 
charge of the E2-'^'^^^ubiquitin, and the linkage of 
^^^^^ubiquitin to wild-type ubiquitin was monitored. To 
test if the acceptor ubiquitin interacts with HOIP during the 
di-ubiquitin formation, a ^^°^^^ubiquitin, which cannot act as 
an acceptor, was added during the discharge reaction to 
compete with the wild-type ubiquitin (Figure 5C]. Under 
these conditions, the E2 ~ ^^^^^biquitin discharge and 
HOIP ~ ubiquitin intermediate formation were unaffected by 
the presence of ^^°^^^ubiquitin, showing that the transfer of 
the donor ubiquitin from the E2 onto HOIP was not affected 
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presence and absence of the acceptor ubiquitin-competitor: ^^°^^^ubiquitin. The TAMRA signal visualizes di-ubiquitin formation by hOIP^^^"^°° 
and Ube2D3- ubiquitin discharge by HOIP^^^"^°° C930A after 0, 2, 4, 8 and 16min. (D) Di-ubiquitin formation between '^^^^\ibiquitin and 
different ubiquitin mutants visualized by the TAMRA signal on a non-reduced gel. 7= 10 min. Ubiquitin^'"^P^^ = L8A, I44A, V70A triple mutant. 
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(Figure 5C; Supplementary Figure S5C]. In contrast, the di- 
ubiquitin formation was inhibited by the ^^°^^^ubiquitin, sug- 
gesting that the N-terminally blocked ubiquitin competes 
with the wild-type ubiquitin for binding to HOIP in the final 
step of the ubiquitin transfer. 

These results are in line with the fact that the LDD mutants 
are impaired in ubiquitin-ubiquitin linkage formation but 
not in E2~ ubiquitin discharge (Figure 4C; Supplementary 
Figure S4E}, showing that the LDD does not interact with the 
donor ubiquitin, but rather with the acceptor ubiquitin. 
Interestingly, the LDD/ubiquitin interaction does not require 
the ubiquitin hydrophobic patch, which is used by many 
ubiquitin interaction motifs (Dikic et aU 2009], since point 
mutants of the hydrophobic patch still accept ^^^^^ubiquitin 
via HOIP^^^'^°° (Figure 5D; Supplementary Figure S5D]. 
Consequently, the interaction between the LDD and ubiquitin 
is specific to HOIP, which is in line with the unique linear 
ubiquitin specificity that is evoked by HOIP. 

HOIP RING2 and LDD are crucial for NF-kB activation 
in cells 

Both RING2 and the LDD of HOIP are essential for linear 
ubiquitin chain formation in vitro. To determine the biologi- 
cal relevance of this finding, we tested wild-type HOIP and 
the RING2 C885A, LDD C916A, LDD C930A, single and LDD 
C916,930A double mutants in HEK293FT cells. First, we 
verified the expression levels of the mutants and their 
capacity to interact with HOIL-IL in pull-down assays. All 
of the mutants retained the capacity to bind to HOIL-IL 
(Supplementary Figure S6A], showing that the mutations 
did not cause major deficiencies in the folding of the full- 
length protein. Next, we tested the activity of the mutants in 
NF-kB lucif erase reporter assays. In line with published data 
(Tokunaga et al, 2009], the combined expression of HOIP and 
HOIL-IL resulted in NF-kB activation to levels approaching 
those when using MEK-kinase 1 (Figure 6; Nemoto et aU 
1998]. However, the combined expression of HOIL-IL with 
any of the HOIP cysteine mutants did not activate NF-kB. 
As expected, the observed NF-kB signalling activity was 




Figure 6 HOIP RING2 and LDD are essential for NF-kB pathway 
activation. Dual Luciferase reporter assay for NF-kB activation. Full- 
length HOIP wild-type or HOIP cysteine mutants were co-expressed 
together with HOIL-IL (see lower panel] and a luciferase reporter 
construct, containing five NF-kB binding sites. A luciferase renilla 
construct was used as transfection control. Firefly luciferase values 
were normalized to renilla luciferase values. Normalized luciferase 
activity of 5 x NF-kB reporter vector (upper panel] is shown 
as mean±s.e.m. (*P< 0.001, Student's t-test, representative 
experiment of n = 4] . 
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dependent on the presence of the HOIL-IL interaction 
domain, the ubiquitin-associated domain (UBA domain] in 
HOIP, as well as on the co-expression with HOIL-IL, since 
neither wild-type nor HOIP mutants were active without it 
(Supplementary Figure S6B]. These data show that RING2 
and the LDD are essential for linear ubiquitin chain formation 
and LUBAC-mediated NF-kB activation in cells. 

Discussion 

NF-kB activation is an important signal during immune and 
DNA-damage responses. Upon stimulation, the formation of 
linear ubiquitin chains on NEMO forms an essential early 
event in the activation of the pathway. These hnear ubiquitin 
chains are assembled by LUBAC, which contains the two RBR 
E3 ligases HOIP and HOIL-IL. It is poorly understood how 
RBR proteins form functional units to mediate the assembly 
of ubiquitin chains or how linear ubiquitin chain specificity is 
determined by the LUBAC E3. 

Our results give a detailed insight in the molecular me- 
chanism by which linear ubiquitin chains are formed by 
HOIP (Figure 7]. We show that removing the N-terminal 
698 residues of HOIP unmasks the full linear ubiquitin 
chain formation activity and bypasses the need for HOIL-IL 
and Sharpin. Within this active region of HOIP, the first two 
domains (RINGl-IBR] are needed for the catalysis of the E2- 
mediated delivery of ubiquitin to the E3, but the mechanism 
that directs the hnkage to the N-terminus of a target ubiquitin 
is embedded within HOIP RING2-LDD. The relevance of this 
activity in the context of the full-length protein within LUBAC 
was verified by experiments in HEK293FT cells, showing that 
single point mutations in either RING2 or the LDD impair 
NF-kB signalling. 

The transfer of ubiquitin from the E2 onto an acceptor 
ubiquitin is mediated by HOIP in a two-step mechanism. 
First, the ubiquitin thioester is transferred from the E2 onto 
HOIP, most likely on RING2, to form a reversible covalent 
intermediate (Figure 7C]. This step can be catalysed by the 
RINGl-IBR mediated interaction with an E2~Ub thioester. 
Second, the ubiquitin is transferred from HOIP onto the 
N-terminus of the target ubiquitin to form an isopeptide 
bond. This uncoupling of the E2 catalysed step from the 
transfer step to the acceptor ubiquitin explains why E2 
enzymes do not affect the chain type specificity of HOIP. 

The LDD is essential for the specific transfer of the donor 
ubiquitin from HOIP onto the acceptor ubiquitin (Figure 7]. 
We have shown that the interaction between the LDD and the 
acceptor ubiquitin is important during this process, suggest- 
ing that it functions as a ubiquitin docking domain for the 
acceptor ubiquitin. The need for a C-terminal ubiquitin 
interaction domain within HOIP is likely to reflect a general 
feature for ubiquitin chain catalysis of RBR proteins, since 
Parkin also contains a recently identified ubiquitin interaction 
domain, which is located just before RING2 of the RBR 
domain, that is used in ubiquitin chain formation 
(Chaugule et al 2011]. 

Among RBRs, the RING2-LDD uniquely promotes linear 
ubiquitin chain formation. This selectivity for the amino- 
terminus is exquisite since the ubiquitin N-terminus and 
K63 are located close to each other, indicating that precise 
positioning of the acceptor ubiquitin by the LDD is very 
important. It seems plausible that RING2-LDD provides addi- 
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Figure 7 Model for HOIP^^^"^^°-mediated ubiquitination. Linear ubiquitin chain assembly requires both [A) the binding and correct 
orientation of an acceptor ubiquitin by the LDD and (B) the recruitment of an E2~ ubiquitin to RINGl-IBR. The ubiquitin is transferred 
from the E2 onto the acceptor ubiquitin in two independent steps. (C) First, the ubiquitin thioester is transferred from the E2 onto R1NG2 and 
(D) second, the ubiquitin is covalently linked to the N-terminus of the acceptor ubiquitin that is oriented by the LDD. (E) The E2-dependent 
activity can be bypassed by a less pronounced E2-independent activity. 



tional contributions to selective targeting, possibly by pre- 
ferring the chemical constellation of the ubiquitin amino- 
terminus over a lysine amino group. 

Materials and methods 

Construction of plasmids 

Codon optimized cDNA for E. coli expression of HOIP and HOIL-IL 
was obtained from Genscript. The cDNA was subcloned into pGEX- 
6P-1 vectors (GE Healthcare) with an N-terminal GST tag for E. coli 
expression. H01P^^^"^°°, H01P^^"^°° and HOIP^°° were cloned into 
a pETNKl-His-3C-LlC-amp vector for E. coli expression (Luna- 
Vargas et al, 20n). Mammalian expression constructs pcDNA3.1- 
HOIL- 1 L-His, pcDNA3 . 1 -Myc-HOlP and pcDNA3 . 1 -Myc-HOlP- 
^Ug^563-6i6 j^-j^^jy provided by Dr K Iwai (Osaka 

University, Japan). UbiquitinAGly76, Ubiquitin single and triple 
point mutations and point mutations in HOIP were introduced by 
using the QuikChange Mutagenesis Kit from Stratagene (La Jolla, 
CA, USA). The luciferase NF-kB reporter construct, pNF-KB-Luc, 
and the positive control pFC-MEKK were obtained from Agilent 
Technologies. Renilla luciferase vector, pRL-null, was obtained from 
Promega. 



gel filtration (Superose6) online with a GST column in 20 mM 
Hepes/HCl pH 8, 100 mM NaCl, 1 jiM ZnCl2 and 5mM PME. 

f^QjpRBR-LDD ^599_io72) was produced in E. coli B121 (DE3) pLysS 
cells. Expression was induced by the addition of 0.4 mM IPTG and 
10|iM ZnCl2 at an OD500 of 0.8 in LB medium supplemented with 
50|ig/ml carbenicillin and chloramphenicol. Expressions were 
further cultivated overnight at 16°C. The cells were lysed in 
50 mM Tris/HCl pH 8, 150 mM NaCl, 2mM imidazole, 1 |iM 
ZnCl2, 5 mM pME in the presence of complete EDTA-free protease 
inhibitor cocktail (Roche), DNAse and 1 mM MgCl2 by a high- 
pressure EmulsiFlex-C5 device (Avestin). Cleared lysate was incu- 
bated with Talon beads. The protein was eluted from the beads in 
buffer containing 200 mM imidazole and was subsequently loaded 
on a Resource-Q column. The His tag was cleaved in solution with 
3C protease. Further purification was achieved by a Heparin column 
followed by size-exclusion chromatography (Superdex 200) in 
buffer containing 25 mM Hepes/HCl pH 7.0, 150 mM NaCl, 1 |iM 
ZnCl2 and 5 mM pME. 

p^QjpRBR-LDD pQ-j^^ mutants, H01P^^"^°° and H01P^°° were 
expressed and purified as described for H01P^^^"^°°, excluding 
the cleavage of the His tag and size-exclusion chromatography. 
For comparison with the H01P^^^'^°° point mutants, wild-type 
H01P^^^"^°° was prepared following the same protocol. 



General, proteins and antibodies 

Ubiquitin, hUbal, Ube2D3 and Ube2L3 were expressed and purified 
as described previously (Pickart and Raasi, 2005; Buchwald et al, 
2006; Marteijn et al, 2009; El Oualid et al, 2010). '^'^^^'^Ubiquitin, 
ubiquitin'^^^^^, "^'^ubiquitin and ''^"'^^ubiquitin (inhibition assay) 
were generously provided by Remco Merkx, Dharjath Hameed and 
Huib Ovaa (El Oualid et al, 2010). ^^°'^^Ubiquitin (di-ubiquitin 
formation assays) and ubiquitin lysine mutants were obtained 
from Boston Biochem. 

Protein expression and purification 

Full-length HOIP and HOIL-IL were expressed in E. coli B121 (DE3) 
pLysS cells by induction with 0.8 mM isopropyl-l-thio-p-o-galacto- 
pyranoside (IPTG) and 0.2 mM ZnS04 overnight at 18°C. Cells were 
resuspended in 20 mM Tris/HCl pH 8.0, 100 mM NaCl, 5mM 
P-mercapto-ethanol (PME) and Complete EDTA-free protease 
inhibitor cocktail (Roche, Basel, Switzerland). Cells were lysed 
by a high-pressure EmulsiFlex-C5 device (Avestin, Mannheim, 
Germany) . Initial purification was achieved by binding the proteins 
to glutathione beads, washing the beads with buffer supplemented 
with 0.5 M NaCl and elution in buffer containing 50 mM GSH. The 
GST tag was cleaved by incubation with 3C protease, followed by 



In-vitro ubiquitin chiain formation 

In-vitro ubiquitin chain formation reactions were performed in 
standard conditions, unless specified otherwise. Standard condi- 
tions for ubiquitin chain formation were 100 nM hUbal, 600 nM of 
the indicated E2, 1 |iM E3, 15 |iM ubiquitin and 10 mM ATP in buffer 
containing 20 mM Hepes/HCl pH 8, 150 mM NaCl, 10 mM MgCl2, 
0.5 mM DTT. Reactions were performed at 37°C and stopped by the 
addition of protein loading buffer containing pME. Samples were 
separated on 4-12% Nu-PAGE gels (Invitrogen) in MES buffer and 
analysed by western blot using ubiquitin antibody (P4D1, Santa 
Cruz biotechnology) and HRP conjugated anti-Mouse antibody 
(Bio-Rad, Hercules, CA, USA). 

Single-cycle turnover assays 

Single-cycle turnover assays were performed in the same buffer 
conditions as described for the ubiquitin chain formation. 
'^^^^\ibiquitin (500 nM) was loaded onto E2- (600 nM) in an ATP 
(1 mM) -dependent manner via hUbal (100 nM) in 120 |il final 
reaction volume for 20min at 37°C. The charging reaction was 
terminated by depleting the ATP with 2U apyrase. After 5min 
incubation at room temperature, the sample was divided into 
smaller aliquots to compare the effects of the addition of 
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j^QjpRBR-LDD ^^^^ ubiquitinAGly76 (500 nM). ^^°'^^Ubiquitin 
was added simultaneously with HOIP^^^"^°° and wtUbiquitin in the 
acceptor ubiquitin competition assays. Reactions were performed at 
37°C and stopped by the addition of non-reducing loading buffer on 
ice. Samples were analysed on 4-12% NU-PAGE gels (Invitrogen) in 
MES buffer and the TAMRA signal was visualized on a ChemiDoc 
XRS (Bio-Rad). Band quantification of Ube2D3-'^'^^^\ibiquitin 
was done with the ImageJ program (http://imagej.nih.gov/ij). 
Loading differences were accounted for by measuring the total 
amount of TAMRA signal per lane. Percentages normalized for the 
total amount of Ube2D3-'^'^^^\ibiquitin at 7=0. Western blot 
analysis was performed using anti-HOlP (ab85294, Abeam) and 
HRP-conjugated anti-Rabbit (Bio-Rad) antibodies. 

Covalent HOIP^ ubiquitin intermediate formation 

E2 ~ ubiquitin was prepared as described for the single-cycle turn- 
over assays in buffer containing 20 mM Hepes pH 8.5 and 5mM 
PME. After the addition of Apyrase, HOIP (2 |iM) was added to the 
mixture. Reactions were performed for 5min on ice. The TAMRA 
signal was visualized on a ChemiDoc XRS (Bio-Rad) and 
HQjpRBR-LDD visualized on non-reducing western blots with 
anti-HOIP antibody (ab85294, Abeam). Sample loading buffer was 
supplemented with 1 M Urea to partially unfold the proteins. 

Fluorescence polarization assays 

The fluorescence anisotropy of the C-terminal TAMRA-labelled 
ubiquitin (InM) in binding buffer (20 mM HEPES pH 7.5, 150 mM 
NaCl, 5 mM pME and 1 g/1 chicken ovalbumin) was measured on a 
Perkin-Elmer EnVision 2010 Multilabel Reader. The binding was 
measured in 75 |il reactions. Serial 1:1 dilutions, starting at 220 |iM 
HOIP, were performed in three repeats. Reactions were incubated 
for 20min at 4°C before the measurements. The samples were 
excited at 531 nm and the emission was measured at 579 nm, with 
correction for both the buffer background and G-factor of the 
instrument. The assays were performed in 'non-binding surface 
flat bottom' black 96-well plates (Corning) at room temperature. 
The resulting binding isotherms (anisotropy versus HOIP concen- 
tration) were fit to a 1:1 non-linear binding model (y=Bmax x X/ 
[K^-\-X)). All experimental data were processed using Ms Excel and 
Prism 4.03 (GraphPad Software, Inc.). 

Multi-angle laser light scattering 

MALLS experiments were performed on a Mini-Dawn light scatter- 
ing detector (Wyatt Technology) in line with a Superdex S200 10/30 
column at 4°C in buffer containing 25 mM Hepes/HCl pH 7, 150 mM 
NaCl, l|iM ZnCl2 and 5mM pME. Refractive index and light 
scattering detectors were calibrated against toluene and BSA. Data 
were analysed using the Astra software. 

Cell culture and transient transfection 

HEK293FT cells were cultured in Dulbecco modified Eagle medium 
(DMEM; GIBCO) supplemented with 10% non-heat-inactivated fetal 
calf serum (GIBCO), 1% penicillin/streptomycin (MP Biomedical), 
1% non-essential amino acids (GIBCO) and 1% L-glutamine (MP 
Biomedical). Cells were cultured in 24-well plates at 37°C supplied 
with 5% CO2. 



For transient expression, 400 ng plasmid DNA (pcDNA3.1-H0IL- 
IL-His, pcDNA3.1-Myc-H0IP, pcDNA3.1-Myc-H0IP-mutants, pFC- 
MEKK) was used. Empty vector pcDNA3.1 was used to compensate 
for differences in DNA amounts. Furthermore, 400 ng of lucif erase 
NF-kB reporter construct and 200 ng of Renilla luciferase vector 
were added to the transfection medium. In total, 2 |ig of DNA was 
transfected in each condition. Transfection was performed at 60% 
confluence with lipofectamine 2000 (Invitrogen). Each condition 
was experimentally tested in triplicate. 

NF-kB transactivation assay 

As readout for NF-kB activation we performed a Dual luciferase™ 
reporter assay (Promega). Forty-eight hours after transfection, cells 
were washed with PBS and lysed in 100 |il of passive lysis buffer 
(Promega) for 1 h. Luciferase assays were performed according to 
the protocol provided by the manufacturer (Promega). Luciferase 
signals were measured on the Lumat LB 9507 (EG&G Berthold). 
Western blot analysis was performed to confirm protein expression. 
Proteins of total lysates generated as described above were sepa- 
rated on 10 % polyacrylamide gels and transferred onto poly vinyli- 
denefluoride (PDVF) membranes (Bio-Rad). PVDF membranes were 
probed with anti-Myc (Santa Cruz) and anti-His (Abeam) primary 
antibodies, followed by probing with HRP-conjugated secondary 
antibodies. Antibody signal was visualized by chemiluminescence 
using the Bio-Rad ChemiDox XRS + . 

Supplementary data 

Supplementary data are available at The EMBO Journal Online 
(http://www.embojournal.org) . 
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